In this paper, a method to determine the angle of attack on a wind turbine rotor blade using a chordwise pressure distribution measurement was applied. The approach uses a reduced number of pressure taps data located close to the blade leading edge. The results were compared with three 3-hole probes located at different radial positions and analytical calculations. The experimental approaches are based on the 2-D flow assumption; the pressure tap method is an application of the thin airfoil theory and the 3-hole probe method uses external probe measurements and applies geometrical and induction 5 corrections.
The Technical University of Berlin has developed a scaled wind turbine model, the Berlin Research Turbine (BeRT), equipped with 3-hole probes and pressure taps on one of its blades . The present focuses on determining the AoA over the BeRT blades and complements previous investigations on BeRT, such as inflow modifications (Bartholomay 95 et al., 2017) , bending moment crosstalk effects (Bartholomay et al., 2018a) , load alleviation with flaps (Bartholomay et al., 2018b) , wind tunnel modeling and wind turbine wakes (Marten et al., , 2019 . The results presented here are the first on-blade pressure measurements from the BeRT blade and can be used to validate numerical solvers and to develop control strategies.
In the remaining of the paper, the facilities and the research turbine model are described, followed by the methodology to 100 determine the AoA and to assess the validity of the Gaunaa method on the rotating plane. The results are presented in Sect. 4 and the paper closes with concluding remarks in Sect. 5.
2 Experimental setup
Wind tunnel
The tests were conducted at the Hermann Föttinger Institut of the Technische Universität Berlin in the GroWiKa (large wind 105 tunnel), a closed-loop wind tunnel driven by a 450kW fan, presented in Fig. 1 (left) . The turbine model was placed at the large test section, where the maximum velocity is 10 ms −1 . The setup was reproduced from the work of Bartholomay et al. (2017) , in which the flow quality was measured and the reproducibility of the flow was evaluated. In order to keep the turbulence intensity on a comparable level, one homogeneous filtermat and three screens were positioned in the crosssections upstream of the turbine as it can be seen in Fig. 1 (left) . The 110 turbulence intensity achieved with this setup is less than 1.5%.
The dynamic pressure is monitored by two Prandtl tubes located at the walls at 0.86R upstream the turbine at 2.7 m height.
For this study, all test cases were conducted with a free stream velocity of U ∞ ≈ 6.5 ms −1 .
Wind turbine model
BeRT, Fig. 1 (right) , is a three-bladed upwind horizontal wind turbine with a rotor radius of R = 1.5 m. The turbine yaw angle 115 and the blade pitch angle can be modified depending on the test requirements. Figure 2 (left) shows a reference sketch for the azimuth (φ) and yaw (ψ) angles.
The Clark Y airfoil profile is used along the entire blade span and there is no cylindrical root section. The specific airfoil profile was chosen as it performs well at low Reynolds number (Re), i.e. at the conditions relevant to BeRT (Re range from 1.7 × 10 5 to 3.0 × 10 5 along the span). The blade twist was selected so that the local AoA stays constant over the span at rated 120 conditions. Figure 2 One of the blades was equipped with pressure taps and three 3-hole probes at different radial positions, as shown in Fig. 3 (right). The pressure taps were located at r/R = 0.45. Each pressure tap was connected through silicone tubes inside the blade to a pressure box located in the hub which contains all sensors. The average length for the tubes between tap and sensor was 125 650mm which included an arrangement between cannulas and tubes as shown in Fig. 4 . The 3-hole probes were located at 65, 75 and 85%R and mounted on the pressure side (see Fig. 5 , left). The 3-hole probes consist of one straight tube in the middle, accompanied by two outer tubes with a 45 • nozzle (see Fig. 5, right) . Each outer tube was connected to a differential pressure sensor through a silicone tube, using the middle one as a reference. The sensors were installed at the spanwise position of each probe, reducing the tube length to less than 100 mm. All pressure transducers were installed in such a way that their membranes were parallel to the plane of rotation to minimize the centrifugal effect on them. More information about the sensors can be found in previous work by Vey et al. (2015) , while the calibration and data acquisition procedure is detailed in the Sect. 3.1.
The blade was also provided with three trailing edge flaps with 10%R span length and 30%c chord length and located consecutively from 60% to 90% along the span. The flaps were fixed without any deflection for all test cases presented in this 135 study. The turbulence transition was not fixed over the blades, in contrast to the previous work of Klein et al. (2018) .
Rotating (NI cRIO 9068) and nonrotating (NI cDAQ 9188) measurement systems were synchronized and located in the hub and the external control cabinet, respectively. The measurement data were recorded using NI 9220 modules with an acquisition frequency of 10 kHz.
The pressure data from the blade were recorded through the rotating system, while the freestream dynamic pressure through 140 the nonrotating system. The blade position was recorded through a Hall effect sensor located in the nacelle. Each measurement was recorded and phase averaged until 100 rotations were completed, with an azimuth step of ∆φ = 1 • .
Methodology
In this section, the methodology of this research is described. The main idea is to compare the results obtained by the method proposed by Gaunaa and Andersen (2009) when is applied to the pressure tap data against the AoA from the 3-hole probe 145 measurements and analytical calculations.
According to the BeRT design specification, the combination of chord and twist distribution achieves an optimal shape which provides a constant AoA over most of the blade span Bartholomay et al. (2017) , so the AoA at the radial position of the pressure taps and the 3-hole probes should be the same under aligned flow conditions. The calibration of the sensors, the applied corrections and the description of the methods used to determine the AoA follow, 150 while the test cases and their uncertainty are summarized at the end of this section. 7 https://doi.org/10.5194/wes-2020-35 Preprint. Discussion started: 11 February 2020 c Author(s) 2020. CC BY 4.0 License.
Calibration
Differential pressure sensors were used for both experimental methods, the pressure taps (HCL0025E) and the 3-hole probes (HCL0075E). During the calibration of the sensors, the turbine was in a static position and a constant pressure was provided to achieve eleven calibration pressure points using the external calibrator, Halstrup KAL 84. All calibrations were linear and 155 the fitting curves showed a coefficient of determination values of R 2 ≥ 0.999.
The 3-hole probes were calibrated in a small wind tunnel. The calibration range was from −30 • to 30 • with steps of 0.5 • .
The calibration was made between the normalized pressure and the swept angles following the standard procedure described by Dudzinski and Krause (1969) . Subsequently, the calibration was repeated for inflow velocities from 16 to 22 ms −1 with steps of ∆U = 2 ms −1 . The velocity range was selected so that it covers the relative velocity perceived by the blade in the range 160 0.45 ≤ r/R ≤ 0.85, i.e. the location of the 3-hole probes. The AoA fit remains linear within −10 to 10 • , getting a nonlinear fit for larger angles.
Pressure correction
The pressure tap sensors measure differential pressure (P si ); one side was connected to each tap (P i ) and the other to the static pressure in test the section (P ref ), Eq. 1. The centrifugal effect, P ctf = 0.5ρ(Ωr i ) 2 , Eq. 2, was quantified and corrected, based 165 on Hand et al. (2001) , where r i is the radial position of the pressure tap i and Ω is the turbine angular velocity, 2πf .
P corr = P si + P ctf .
(2) Figure 6 . Comparison between filter and unfiltered signals of pressure tap at x = 2%c. Frequency spectrum (left). Corrected pressure (right).
Moreover, the data were filtered for high frequencies using a Butterworth filter with a cut off frequency of 30 Hz to reduce noise and the vibrations from the probe and blade. Figure 6 (left) shows the signal spectrum of the pressure tap at x = 2%c.
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As can be seen, the main variations are influenced by the rotational frequency of 3 Hz and its harmonics. Furthermore, Fig.   6 (right) shows the corrected pressure, P corr and its filtered signal of the pressure tap at x = 2%c. Additionally, a confidence zone was plotted in order to quantify the uncertainty due to the filter and is addressed in Sect. 3.4.
The impact on the dynamic response through the tubes was evaluated theoretically following the model formulation of the dynamic behavior on tubes proposed by Bergh and Tijdeman (1965) and showing no significant influence in the main frequency The hydrostatic correction has less impact since all the sensors are located in the hub, and was consequently neglected.
Methods to determine the angle of attack
The method to determine the AoA from the 3-hole probes was based on previous work with the same setup. It is outlined here for completeness, while further details can be found in Bartholomay et al. (2017) . Figure 7 shows the reference system for an arbitrary blade section, with 3-hole probe installed.
The AoA relative to the probe, α probe , was identified from the 3-hole probe calibration. However, as shown in Fig. 7 , a geometrical rotation between the probe and the section coordinates was necessary to evaluate the AoA in the respective blade 185 section, α probe,section . The latter angle differs from α, which is the effective AoA of the blade section, because of the blade itself induces a velocity on its surroundings. To correct this, XFOIL (Drela and Youngren, 2001) calculations were used to estimate the velocity at the probe location, under the assumption of 2-D flow. Afterwards, a fit function was found between the effective AoA, α, and α probe,section . Figure 7 . Schematic of the reference system for a probe, modified from Klein et al. (2018) .
by Gaunaa (2006) . The main assumptions for this methodology rely on the thin airfoil theory and low Mach number. This allows modeling the airfoil as its camberline together with the assumptions of inviscid, incompressible, and irrotational flow.
Aiming at simpler solutions to estimate airfoil loads that can be applied on active load control, and based on the considerations mentioned above Gaunaa (2006) formulated an analytical expression for the forces over an arbitrary airfoil shape.
This expression relates the pressure difference between the lower and upper side, over the camberline, with the velocity poten-195 tial field, aerodynamic forces, and pitching moment. Gaunaa and Andersen (2009) summarized this formulation in Eq. 3, as the normalized pressure and its contributions, where ∆P (x) is the pressure difference between the lower and upper side at a specific chordwise position and q = 0.5ρU 2 is the dynamic pressure.
It is important to note that this summary neglects the chord streamwise degree of freedom, i.e.Ẋ =Ẍ = 0.
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On the right side of Eq. 3, g c (x) corresponds to the influence of the circulatory forces. This contribution is modulated by α c,ef f , the effective AoA that takes into account the time lag effects caused by the vorticity shed into the wake, for simplicity, now considered as α.
The remaining contributions in Eq. 3 depend on the instantaneous motion of the airfoil, known as added mass terms. The second and third terms, g camb and gα correspond to the added mass due to the basic camber line and pitching, respectively.
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The formulation allows the calculation of the effect of a flap on the airfoil, with β being the flap angle. This contribution in the model is considered with the added mass term g β . Since there is no flap at the 45% span position, the flap deflection angle is set to β = 0 • and therefore g β is eliminated.
The term g L contains the nonlinear contributions. Gaunaa and Andersen (2009) described that the addition of the geometrical nonlinearities does not change the conclusions from linear estimation for the most part of the chord, except for a zone very 210 close to the leading edge. Based on this consideration, the term g L is neglected.
Gaunaa and Andersen (2009) and Velte et al. (2012) suggested a control variable based only on two pressure taps. To achieve this, the contribution of the pitching added mass term, gα was neglected by choosing a specific chord position where its value is zero.
Equation 4 shows the reduced relation between pressure distribution and AoA, where k 1 = g c (x = 0.125) and 215 k 2 = g camber (x = 0.125). An extended review of the two dimensional theory and the mathematical derivation of this method and applications, can be found in Gaunaa (2002 Gaunaa ( , 2006 .
Several studies made by Gaunaa (2002) ; Gaunaa and Andersen (2009) ; Velte et al. (2012) , related the same theory on wing experiments and computational models, with a Risø-B1-18 and NACA64418. Thus, it is assumed that the linearity, applied on 220 the remaining terms, is a good approximation for a Clark Y airfoil shape, which is thinner (11.8%) than the other airfoils where the method was successfully applied.
In order to obtain the constants k 1 and k 2 from Eq. 4, XFOIL calculations were computed. The AoA was swept from −3 • to 10 • . The Reynolds number (2.5 × 10 5 ≤ Re ≤ 3.0 × 10 5 ) and free transition method (4 ≤ N Crit ≤ 12) influence were studied with no significant changes. Subsequently, a linear curve fit was made between normalized pressure (∆C P (0.125)) and the 225 AoA swept. The fit values are k 1 = 0.23 and k 2 = 0.43.
Finally the AoA was calculated using Eq. 4, where ∆P (0.125) = P lower (0.125) − P upper (0.125). Figure 8 shows a good agreement between the pressure distribution from the rotating blade and the computational tool in the estimated angle. The latter agrees with previous works by Ronsten (1992) and Corten (2001) , where it was shown that rotation does not have a great impact over the pressure distribution in the attached flow operations points. Since there are no pressure taps in the exact 12.5%c position, a linear interpolation was made, between [10 − 15]%c for the suction side and [10 − 30]%c for the pressure side.
The relative dynamic pressure, q rel = 0.5ρU 2 rel , was considered equal to the maximum value in pressure side distribution, i.e. at the stagnation point (Shipley et al., 1995) , for each azimuth station. This was required for the yaw misalignment cases, where the dynamic pressure is variable with azimuth position.
Analytic estimation
The introduction of a yaw misalignment produces an expected change in the AoA distribution along the blade span due to the crossflow i.e. depends on the azimuth angle variations. Therefore, a geometrical approach was used to compare the experimental methods under these operational points, as pressure taps and 3-hole probes location differs in radial position.
The normal velocity contribution is a function of the yaw angle, Eq. 5. On the contrary, the tangential velocity contribution 240 depends on the rotational speed, yaw and azimuth angle, Eq. 6, due to the crossflow presented (see Fig. 2 ). Using these geometrical velocities contribution and the axial, a, and tangential, a , factors simulated with the BEM-module QBlade an analytical AoA was estimated as is shown in Eq. 7.
Equation 7 it can be used to estimate the AoA in the aligned case, which is independent of the azimuth angle, as the yaw angle is zero. Therefore the AoA remains constant for the location of the pressure taps and 3-hole probes with a value of α geo,ψ=0 • ≈ 5.1 • , when the pitch angle is set at θ = 0 • .
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Test cases and measurement uncertainty 250
Several operational conditions were analyzed, three yaw angles ψ = 0 • , −15 • , and −30 • , and for each yaw angle, the pitch angle was swept from −2 • to 6 • in steps of ∆θ = 2 • . For all cases, the tip speed ratio was fixed λ = 4.35.
The uncertainty in the measurement of all quantities was taken into account in order to quantify the magnitude of the errors over the results. The standard deviation was calculated with the same azimuth step as the phase average. The uncertainty due to the filtering (see Fig. 6 ) was considered as the amplitude of the confidence zone between the filtered, and unfiltered data. The
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AoA uncertainty is estimated as the error propagation of the phase average and the filter contributions. In the case where the AoA is estimated using the pressure tap measurements (see Eq.4), an additional error propagation step was considered. Table   1 shows the overall uncertainty for all the quantities. During the measurement campaign temperature and relative humidity were recorded with values of 18±1.5 • C and 40±5%, respectively. According to Tsilingiris (2008) , these values represent small changes in the physical properties, thus, a density 260 correction was neglected.
The results are presented in this section, starting from the pressure distributions and the relative dynamic pressure along the chord at the span position of r/R = 0.45, followed by the comparison between the described methods to determine the AoA.
Finally, an additional comparison is presented with the variations of the pitch angle. The AoA estimation based on the surface pressure measurements depends on the relative dynamic pressure (q rel ) and the pressure difference (∆P (12.5%c)), see Eq. 4. It is hence important to examine their variation with azimuth position before we proceed to the AoA estimation. Figure 9 shows both the variation of both variables. Figure 9 . Results from pressure taps at r/R = 0.45. For three yaw angles, relative dynamic pressure (q rel ) and pressure difference between the pressure and the suction side of the blade at 12.5%c variations with azimuth angle.
For the aligned case, ψ = 0 • , the relative dynamic pressure remains relatively constant at q rel ≈ 115Pa with a small in-270 crement, q rel ≈ 120Pa before the azimuth angle φ = 180 • and immediately after a decrement up to q rel ≈ 110Pa. The latter can be explained by the tower effect, in which the blade is entering to the influence of the tower before the azimuth angle φ = 180 • to afterwards leaving it. The same behavior is observed on the on-blade velocity described by Klein et al. (2018) . Schulz et al. (2017) , where it is shown an asymmetrical axial load, even without the presence of yaw misalignment.
With the introduction of yaw misalignment ψ = −15 • , the relative dynamic pressure is influenced by the yaw angle, showing a symmetrical trend with its minimum value at an azimuth angle of φ ≈ 180 • . The maximum variation is ∆q rel = q rel,max − 280 q rel,min ≈ 50 Pa. Regarding the pressure difference at 12.5%c this displays similar features as in the aligned case, but with a shifted azimuth angle position, getting its minimum, ∆P (12.5%c) = 220 Pa, at φ = 170 • and it maximum, ∆P (12.5%c) = 240 Pa, at φ = 285 • . This behavior suggests being related to the advancing/retreating behavior described by Schulz et al. (2017) .
For the case of yaw angle ψ = −30 • , the relative dynamic pressure behavior remains and the drop increases up to ∆q rel ≈ 285 90 Pa. In the case of the pressure difference at 12.5%c the azimuth angle dependency becomes more important and the advancing/retreating influence is more pronounced.
Regarding the magnitude of the dynamic pressure, q rel , and the location of the stagnation point vary with azimuth position for the misaligned cases. Figure 10 provides an overview of the stagnation point location and the pressure magnitude variation for the different yaw cases in the region close to the leading edge (0%c ≤ x ≤ 4%c). The position of the stagnation point at 290 each azimuth angle is indicated on the pressure contours by circles (•). It can be seen that for yaw angle ψ = 0 • case, Fig. 10 (left) , that the relative dynamic pressure position is always at x = 2%c.
On the contrary for the yaw angle ψ = −15 • case, Fig. 10 (middle) , the stagnation point is further upstream (x = 1%) at azimuth angle φ = 0 • and moves downstream towards x = 3% for φ = 180 • , and back to x = 1% as the blade moves towards the φ = 0 • position. Finally, for the case of yaw ψ = −30 • , Fig. 10 (right) , the behavior of the stagnation point is similar, but 295 more pronounced, between at x = 0% and x = 3% at azimuth angles of φ = 0 • and φ = 180 • , respectively.
The pressure taps are located at discrete points in the surface this movement in the stagnation point, i.e. in the values of the relative dynamic pressure, this explains the sharp changes present in yaw angle ψ = −15 • at azimuth angles ψ ≈ 70 • and φ ≈ 300 • and yaw angle ψ − 30 • at azimuth angles of φ ≈ 50 • and φ ≈ 320 • (see Fig. 9 ).
Regarding the drop in relative dynamic pressure for the misalignment cases, this can be explained with the geometrical , 13 and 14 show the AoAs results from the pressure tap (P P 45%R) and the 3-hole probe (3HP ) methods over 310 the three yaw angles cases. In the interest of clarity, only one of the pitch angles is presented here for each yaw angle case.
For completeness, the results for the remaining pitch cases can be found in App. C and an analysis through the pitch cases is presented in Sect. 4.2.2. Figure 12 shows the AoA for the pitch angle θ = 0 • in the aligned case. It can be seen that the two approaches are able to capture the tower influence, which produces a reduction of the AoA around the azimuth angle of φ = 180 • . However, Although the AoA over the azimuthal variation is not constant, both methods estimate a similar AoA range. The AoA for both pressure tap and 3-hole probe methods are slightly lower than previous results show by Klein et al. (2018) , but within 320 the uncertainty values. As is shown in the mentioned work, the AoA remains relatively constant along the midspan of the blade (0.5 ≤ r/R ≤ 0.8) and larger outside this range which is the case that shows Table 2 for the pressure taps and the 3-hole probe located at 45%R and 85%R, respectively. However, the average AoA, α P P , has an offset of ∆α of f = 2.3 • respect to the analytical AoA α geo,ψ=0 • ≈ 5.1. This overprediction is the result of the wind tunnel walls, which are not included in the increases the AoA .
Additionally, Table 2 shows a comparison between the pressure tap and each 3-hole probe. The overall average AoA difference, ∆α = mean{|α P P − α 3HP |}, for all pitch cases shows that there is a small difference between the pressure tap and 3-hole probe methods, up to ∆α = 0.8 • . Whereas the AoA maximum difference, ∆α max = max{|α P P − α 3HP |}, located around the azimuth angles of φ = 90 • , and φ = 270 • , can take values up to ∆α max = 1.7 • . However, this difference is in the 330 same magnitude that the AoA range between minimum and maximum that presents each measurement individually. From Fig. 13 (left) it can be noticed that the AoA estimation from the pressure tap starts with smaller values until azimuth angle φ ≈ 70 • where becomes larger than the AoA from the 3-hole probes estimation. The 3-hole probe approach still shows 335 the tower influence with a drop in the AoA around the azimuth angle φ = 180 • , in contrast with the pressure tap method, where the AoA keeps increasing until the maximum position located in azimuth angle of φ ≈ 200 • , except for a small perturbance at azimuth angle φ = 170 • . A reduction in the AoA is followed where the pressure tap estimation becomes smaller than the 3-hole probe approach, as the blade is moving towards the azimuth angle φ = 0 • .
The same behavior is presented in the case of analytical AoA, Fig. 13 (right) with two main differences, first, there is no 340 tower effect, due to the analytical approach does not take this consideration and second, an offset AoA between the curves is appreciated, as the aligned case, with a value of α of f ≈ 2.3 • , which is still explained by the blockage effect due that the misalignment only reduces the level of blockage from 40% to ≈ 39%.
For this yaw misalignment, it is shown that the 3-hole probe has a trend less pronounced than the pressure tap approach between 0 • ≤ φ ≤ 90 • and 270 • ≤ φ ≤ 360 • . Furthermore, the crossflow has covered partially the influence of the tower in the 345 pressure tap method, increasing the AoA disagreement between both methods is in the azimuth angle range 135 Regarding the analytical AoA, Fig. 14 (right) , the AoA show the same features, including the larger difference in AoA for the azimuth angles φ = 0 • and φ = 180 • . Moreover, the offset between both results remains. This offset was previously showed AoA from QBlade estimations was always smaller than when the wind tunnel walls were included.
Pitch analysis
A comparison between the AoA estimations from both approaches trough the pitch angle cases, in a fixed azimuth position, φ = 315 • , was analyzed. Figure 15 shows the evolution of AoA estimations at the azimuth angle of φ = 315 • . It can be observed that the trend is linear for both methods. While the yaw angle increases the pressure tap method change from estimate larger A method to determine the AoA based on the pressure difference between the pressure and suction side on a wind turbine blade was tested. The method was compared with the AoA results from three 3-hole probes in simultaneous wind tunnel measurements together with analytical calculations. Several conditions were studied regarding the introduction of yaw misalignment 370 and different pitch angles for the blades.
The pressure distribution on the blade at 45%R was measured trough chordwise pressure taps. The tested method uses the information of a reduced number of pressure taps located close to the blade leading edge in order to estimate the relative dynamic pressure to its corresponding blade section. Additionally, the pressure difference between suction and pressure side of the blade at 12.5%c is tracked in order to determine the AoA based on 2-D assumptions.
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The results show that in the aligned case, ψ = 0 • , the pressure tap approach is suitable, being capable of capturing the same features of the AoA results from the 3-hole probes, including the influence of the tower effect. The comparison between the pressure tap method and the three 3-hole probes present a maximum overall average difference of ∆α = 0.8. Moreover, the AoA results from the pressure tap method present a smoother and stable trend than the results from the 3-hole probe approach, which can be produced by a consequence of vibrations of the latter.
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With the introduction of yaw misalignment, the AoA results from the pressure tap method show, as expected, the crossflow influence in a more pronounced curve than the 3-hole probe, in agreement with the analytical results. The crossflow impact is more dominant than the tower effects and the pressure tap method is not able to predict its influence, from where it can be inferred an AoA overestimation in the azimuth region of 135 • ≤ φ ≤ 225 • .
Regarding the pitch angle changes in the blades, the AoA results from the pressure tap approach presents a linear behavior 385 with a slope value of m = 0.7 ± 0.1[1/ • ], similarly to the 3-hole probe method, being capable to capture the resulting effects from the axial and tangential induction.
Overall, it is found that the pressure tap method applied here to determine the AoA, provides reliable data, with good performance for both aligned and misaligned cases. This is a significant step that eliminates the need for external probes, which affect the flow over the blade and require additional calibration.
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Data availability. Pressure measurement data and results can be provided by contacting the corresponding author 
